Bioactive Materials 45 (2025) 401-416

KeAi

Contents lists available at ScienceDirect BIOACTIVE
MATERIALS

(*]
KCA] Bioactive Materials

CHINESE ROOTS
GLOBAL IMPACT

journal homepage: www.keaipublishing.com/en/journals/bioactive-materials

L))

Check for

Oral probiotic extracellular vesicle therapy mitigates Influenza A Virus | e
infection via blunting IL-17 signaling

Hongxia Zhou™', Wenbo Huang ', Jletlng Li ', Peier Chen”, Llhan Shena Wenjing Huang ,
Kailin Mai Heyan Zou®, Xueqin Sh1 Yunceng Weng ?, Yuhua Liu""", Zifeng Yang “**"
Caiwen Ou"

@ Dongguan Institute of Respiratory and Critical Care Medicine, The Tenth Affiliated Hospital, Southern Medical University (Dongguan People’s Hospital), Dongguan,
523018, China

Y The Tenth Affiliated Hospital, Southern Medical University (Dongguan People’s Hospital), Dongguan, 523018, China

¢ State Key Laboratory of Respiratory Disease, National Clinical Research Center for Respiratory Disease, Guangzhou Institute of Respiratory Health, The First Affiliated
Hospital of Guangzhou Medical University, Guangzhou, 510120, China

d Guangzhou National Laboratory, Guangzhou, 510000, China

¢ State Key Laboratory of Quality Research in Chinese Medicine, Macau Institute for Applied Research in Medicine and Health, Macau University of Science and
Technology, Taipa, Macau SAR, 519020, China

f Department of General Practice, The Tenth Affiliated Hospital, Southern Medical University (Dongguan People’s Hospital), Dongguan, 523018, China

8 Becton Dickinson Medical Devices (Shanghai) Co., Ltd., Guangzhou, 510180, China

ARTICLE INFO ABSTRACT

Keywords: The influenza A virus (IAV) damages intestinal mucosal tissues beyond the respiratory tract. Probiotics play a

Extracellular vesicles crucial role in maintaining the balance and stability of the intestinal microecosystem. Extracellular vesicles (EVs)

av . . derived from probiotics have emerged as potential mediators of host immune response and anti-inflammatory

f:;?iﬁgiﬁ;eutm effect. However, the specific anti-inflammatory effects and underlying mechanisms of probiotics-derived EVs

17 on IAV remain unclear. In the present study, we investigated the therapeutic efficacy of Lactobacillus reuteri
EHA2-derived EVs (LrEVs) in a mouse model of IAV infection. Oral LrEVs were distributed in the liver, lungs, and
gastrointestinal tract. In mice infected with IAV, oral LrEVs administration alleviated IAV-induced damages in
the lungs and intestines, modified the microbiota compositions, and increased the levels of short-chain fatty acids
in those organs. Mechanistically, LrEVs exerted their protective effects against IAV infection by blunting the pro-
inflammatory IL-17 signaling. Furthermore, FISH analysis detected miR-4239, one of the most abundant miRNAs
in LrEVs, in both lung and intestinal tissues. We confirmed that miR-4239 directly targets IL-17a. Our findings
paved the ground for future application of LrEVs in influenza treatment and offered new mechanistic insights
regarding the anti-inflammatory role of miR-4239.

1. Introduction pandemics [1]. According to the World Health Organization (WHO),

these annual epidemics lead to 3-5 million cases of severe illness and
Influenza A virus (IAV) is a highly contagious respiratory pathogen 300,000-500,000 deaths. Despite efforts, challenges such as poor
with a global impact, causing severe seasonal epidemics and occasional vaccination coverage, vaccine shortages, and strain mismatches persist,
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limiting total protection [2]. Antivirals play a crucial role in high-risk
populations, but delayed administration can reduce efficacy, and spo-
radic resistance may occur [3]. The underlying pathology and variations
in disease severity indicate that excessive host immune response exac-
erbates lung injury during infection [4]. Notably, influenza virus
infection in mice not only damages the lungs but also affects the small
intestine, both of which share a common embryonic origin and
contribute to the mucosal immune system [5]. Therefore, modulating
the host immune response, particularly in the lungs and intestines, could
offer a promising strategy to mitigate inflammatory damage caused by
the virus.

As the largest immune tissue in the human body, the mucosal im-
mune system is of great significance for maintaining homeostasis and
resisting the invasion of pathogenic microorganisms [6,7]. The mucosal
surfaces of the upper respiratory tract and intestine are colonized with
their microbiotas, and changes in the composition and function of the
gut microbiota can affect the respiratory tract through a common
mucosal immune system [8]. Studies have shown that healthy gut
microbiota can prevent viral infections through an immune response,
and the disturbances in the microbiota of the respiratory tract can also
make the gut microbiota reshape its composition through immune
regulation, aggravating the destruction of intestinal barrier function,
and causing intestinal bacteria to migrate into the circulatory system,
resulting in secondary inflammatory blows [9-11]. This gut-lung
interaction has been recognized as the lung-gut axis. Healthy upper
respiratory and gut microbiota are particularly important for synergis-
tically treating respiratory diseases by preventing colonization of po-
tential pathogens and modulating immune responses [12].

Probiotics refer to the administration of a certain number of live
microorganisms that can have beneficial effects on the host’s health
[13]. Studies have shown that probiotics can affect both the innate and
adaptive immune systems and prevent respiratory diseases by enhancing
the host immune response. Its key mechanisms of action include
enhancing the integrity of the epithelial barrier while inhibiting path-
ogen adhesion, competitively rejecting pathogenic microorganisms,
producing antimicrobial substances, and modulating the immune sys-
tem [14,15]. In particular, previous studies have found that lactobacilli
have shown potential in attenuating IAV infection through intranasal
injection of live strains in respiratory viral infections [16], and its oral
administration can also exert indirect antiviral effects by modulating the
immune system [17,18]. Nevertheless, the suboptimal clinical outcomes
to date and the limited flexibility of probiotic methods still require
enhancement.

EVs are produced by organisms across all domains of life and play
pivotal roles in regulating various physiological and pathological pro-
cesses [19,20]. Additionally, EVs exhibit high biocompatibility and
efficient cellular uptake, owing to membrane proteins like tetraspanin
proteins and fibronectin. Their excellent biocompatibility makes them
ideal as nanocarriers for tissue-specific targeted delivery, and they can
be produced in large quantities. Recent studies increasingly demonstrate
that bacterial extracellular vesicles (BEVs) may mediate interactions
between the human microbiota and the host, playing a crucial role in the
establishment, maintenance, and activation of innate immunity. EVs
from E. coli activate the TLR response in macrophages, producing IFN-a,
IFN-, IL-1p, and MCP-1. They also trigger an antiviral response through
a type I IFN-dependent mechanism [21,22]. Given the current prefer-
ence for oral drug delivery among patients, probiotic-derived EVs-based
oral formulations hold significant clinical potential. However, the spe-
cific active components and mechanisms of action on probiotic-derived
EVs remain unclear. Among probiotics, Lactobacillus species stand out
for their ability to regulate host immunity and exhibit therapeutic effects
against IAV-induced pneumonia [16,23]. Lactobacillus-derived EVs have
been shown to enhance host immunity, reduce inflammatory responses
by modulating cytokine production, and maintain intestinal immune
balance [24,25]. However, whether Lactobacillus reuteri-derived EVs
(LrEVs) are applicable for treating IAV infection remains unclear.
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Based on this, we hypothesized that LrEVs could regulate immune
responses in the lung and intestine, potentially serving as a treatment for
influenza infection. Hence, we investigated the effects of LrEVs on IAV
infection to test this hypothesis. Our results revealed that orally
administered LrEVs were detectable in the gastrointestinal tract (GI),
liver and lung tissue. Oral administration of LrEVs conferred protection
against IAV infection by synchronously regulating the immune response
of IL-17-producing cells in the lung and intestine, including suppressing
Th17 cell differentiation and migration and regulating IL-17-producing
ILCs. Furthermore, miR-4239, one of the most abundant miRNAs in
LrEVs, was found to regulate the expression of IL-17a. These findings
suggest that LrEVs hold promise for the treatment of influenza infection,
providing insight into the potential mechanisms underlying their ther-
apeutic effects on pulmonary infections.

2. Results
2.1. LrEVs canreach the liver, lung and GI tract after oral administration

To identify the Lactobacillus isolates used in this study, 16S rRNA
sequence-based phylogenetic analysis was performed. The result
showed that Lactobacillus reuteri EHAZ2 used in this study belonged to a
subclade of Lactobacillus reuteri strains with 99.57%-100 % similarity to
other Lactobacillus reuteri strains (Fig. 1a). EVs were isolated from
Lactobacillus reuteri EHA2 medium by ultracentrifugation. Transmission
electron microscopy analysis revealed that LrEVs were membrane-
enclosed structures with a spherical morphology (Fig. 1b). Addition-
ally, Nanoparticle tracking analysis (NTA) of the samples showed major
peaks at 99 nm (Fig. 1b). Taken together, these results demonstrate that
this L. reuteri EHA2 isolate can release nanosized vesicles.

To determine whether LrEVs can resist harsh intestinal conditions in
vivo and thus are bioavailable to other organs, we analyzed the bio-
distribution of LrEVs in mice after oral gavage. Prior to oral adminis-
tration, LrEVs were labeled with the lipophilic dye DiR, and DiR-labeled
LrEVs (10 mg/kg) were administered to mice via oral gavage. As a
control, an equivalent volume of free dye (DiR) in PBS was administered
orally. Following the oral gavage of DiR-labeled LrEVs, a whole-body in
vivo imaging system (IVIS) was used to monitor the harvested organs at
different time points (2 h, 6 h, 12 h, and 24 h). After 2 h and 6 h,
Fluorescence was detectable in the GI (Supplementary Figs. la-1c),
whereas at 12 h, fluorescence was observed in the liver, lungs and GI
tract (Fig. 1c and e). After 24 h, the fluorescence signal subsided within
the lung and was detected only in the liver and GI tract (Supplementary
Figs. 1a and 1d). Next, to mimic the treatment of IAV infection, mice
were treated DiR-labeled LrEVs once a day and sequentially for 7 suc-
cessive days, and the biodistribution was analyzed. Remarkably, the
liver, lung and GI tract exhibited high fluorescence intensity (Fig. 1d and
f), suggesting that LrEVs are bioavailable in the liver, lung and GI. Taken
together, these results suggest that orally administered LrEVs can reach
the liver, lung and GIL.

2.2. Oral administration of LrEVs attenuates IAV-induced mortality and
immunopathology

To determine the effect of LrEVs against IAV infection, we estab-
lished a mouse model of lethal infection with the A/Puerto Rico/8/34
(H1N1) mouse-adapted IAV strain. The mice were orally administered a
low (5 mg/kg/d) or high (10 mg/kg/d) dose of LrEVs or 60 mg/kg/
d oseltamivir daily. The mice showed weight loss after HIN1 inoculation
(Fig. 2a). The survival rate was 0 % in the HIN1 group but increased to
50 %, 30 % and 100 % after treatment with a high dosage of LrEVs, a low
dosage of LrEVs and oseltamivir, respectively (Fig. 2b). A dose of 10 mg/
kg/d was chosen as the optimal treatment dose for all further studies.

To assess the efficacy of LrEVs therapy in treating immune-mediated
injury to the lung and intestine caused by IAV, we established a mouse
model of sublethal influenza infection. Histology revealed that the lungs
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Fig. 1. Characterization and biodistribution of LrEVs. (a) Phylogenetic diagram of L. reuteri EHA2 based on 16S rRNA sequences. (b) TEM images of LrEVs and size
distribution of LrEVs analyzed via nanoparticle tracking analysis (NTA). (c) Female BALB/c mice were administered a single dose of 10 mg/kg DiR-labeled LrEVs by
gavage (p.o.) and ex vivo imaging of the tissues after 12 h of LrEVs administration was performed using the In vivo imaging system (IVIS). (d) Female BALB/c mice
were administered continuous 7days of 10 mg/kg DiR-labeled EVs by gavage (p.o.) and ex vivo imaging of the tissues was performed using the IVIS. (e) Quanti-
fication of fluorescence in mice organs which mice were administered a single dose of 10 mg/kg DiR-labeled LrEVs by gavage organs after 12 h (n = 3). (f)
Quantification of fluorescence in mice organs which mice were administered continuous 7days of 10 mg/kg DiR-labeled EVs by gavage (n = 3). *P < 0.05; **P <

0.01; and ***P < 0.001, as compared to DiR group.

and small intestines of the infected mice at 5 days post infection (dpi)
were damaged; there was also infiltration of inflammatory cells in the
lung, intestinal villus disruption and intestinal epithelial destruction.
Notably, oral LrEVs treatment significantly reduced inflammatory cell
infiltration in the lung, intestinal villus disruption and intestinal
epithelial destruction; compared with control mice (PBS + PBS), LrEVs
treatment on the control mice alone did not induce any pathological
changes in the lung tissue or small intestine (Fig. 2c).

As the IAV does not infect the small intestine directly, the viral titer
in the lung but not in the intestine was determined. Significantly lower
viral titers in the bronchoalveolar lavage fluid (BALF) of infected mice
were detected following treatment with LrEVs compared to that in the

H1Nlgroup at 5 dpi (Fig. 2d). Increased production of proinflammatory
cytokines and chemokines is a hallmark of lethal IAV infection and
correlates with increased IAV pathogenicity. To investigate whether
LrEVs attenuate influenza-induced immune injury in the lung and in-
testine, the levels of cytokines and chemokines in the lungs and small
intestines were measured. Compared to control mice, the levels of
proinflammatory cytokines TNF-a, IL-1p, IL-6, and chemokines KC, MIP-
la, CCL11, RANTES were elevated both in the BALF and small intestines
of HIN1-infected mice, while anti-inflammatory cytokine IL-4 in the
intestine of HIN1-infected mice decreased, LrEVs treatment signifi-
cantly reduced the levels of these proinflammatory mediators and
increased anti-inflammatory cytokine IL-4 (Fig. 2e—f and Supplementary
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Fig. 2. Oral administration LrEVs attenuates IAV-induced mortality and immunopathology. (a, b) Female BALB/c mice were infected with 2.5 LDs of Influenza Virus
A/Puerto Rico/8/1934 (HIN1) (n = 10) by intranasal inoculation. Mice were treated with LrEVs (10 and 5 mg/kg/day, p.o.), oseltamivir (60 mg/kg/day, p.o.) or PBS
once a day starting 2 days before infection, and sequentially treated with or without drugs for 7 successive days. Mice were monitored daily for survival and body
weight for 15 days post infection, (a) body weight, (b) survival. (c-g) Female BALB/c mice were infected with 1.5 LDsq of HIN1 by intranasal inoculation. Mice were
treated with LrEVs (10 mg/kg/day, p.o.) or PBS (p.o.) once a day starting 2 days before infection, and sequentially treated with or without drugs for 7 successive
days, mice were sacrificed on day 5, then lung and small intestine were obtained from different groups. (c) pathology of lung and small intestine were analyzed using
H&E. The scale bars are 100 pm (n = 4). (d) Virus titer in BALF were measured by TCIDso (n = 4). (e) Cytokines in BALF were assayed using bio-plex (n = 4). (f)
Cytokines in the small intestine were assayed using bio-plex (n = 4). (g) Macrophage and neutrophils in small intestine and lungs were assayed using FACS (n = 6). SI:
s‘mall intestine. *P < 0.05; **P < 0.01; ***P < 0.001; ***P < 0.0001 as compared to HIN1+PBS group.

Figs. 2a-2b). TNF-a and IL-6 are mainly produced by macrophages and
neutrophils. These innate immune cells may also be affected by the
treatment of LrEVs. To test this hypothesis, we measured the frequency
of macrophages and neutrophils in the lung and intestine. Compared

with those in control mice, LrEVs treatment restrained the increase of
the percentages of macrophages and neutrophils in the intestines and
lungs of infected mice (Fig. 2g and Supplementary Figs. 2c-2e).
Collectively, these results indicated that oral administration of LrEVs
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Fig. 3. LrEVs regulate microbiota compositions and increased SCFAs levels in the lung and gut of HIN1-infected mice. (a) Relative abundance of lung microbiota at
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compared to HIN1+PBS group.
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attenuated IAV-induced mortality and immunopathology. were detected in the Chaol or Shannon indices of the lung microbiota
between uninfected mice and H1N1l-infected mice (Supplementary
Fig. 3c.) Firmicutes, bacteroidetes, spirochaetes, proteobacteria, and
actinobacillus were the main bacterial phyla in the three groups
(Fig. 3a). The relative abundance of actinobacillus increased, and the
abundance of Firmicutes decreased in the HIN1 group, while LrEVs
treatment prevented this change significantly (Fig. 3b). In the gut
microbiota, PCoA indicated that communities from uninfected mice
clustered separately from those from H1N1-infected mice. The com-
munities from the LrEVs group were closer to those from the uninfected
group (Supplementary Fig. 3b). However, no significant differences in

2.3. LrEVs regulate microbiota both in the lungs and intestines of HIN1-
infected mice

The microbiota is known to modulate the host response to influenza
infection [26]. To examine the impact of LrEVs therapy on the micro-
biota in HIN1-infected mice. The16S rRNA gene sequencing was applied
to characterize the microbiota composition in the BALF and feces of
mice. Principal coordinate analysis (PCoA) of BALF did not reveal sig-
nificant differences (Supplementary Fig. 3a). No significant differences
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Fig. 4. LrEVs reduce the frequency of CCR6" Th17 cells in the lung and intestine of mice infected with HIN1 and inhibited Th17 cell differentiation in vitro. Female
BALB/c mice were infected with 1.5 LDsg of HIN1 by intranasal inoculation. Mice were treated with LrEVs (10 mg/kg/day, p.o.) or PBS (p.o.) once a day starting 2
days before infection, and sequentially treated with or without drugs for 7 successive days, mice were sacrificed on day 5 post-infection, then lung and small intestine
were obtained from different groups. (a-b) The frequency of Th17(CD4"IL-17A™) cells in the lung and small intestine were determined using FACS (n = 6). (c-d) The
frequency of migrated CCR6" Th17 cells in the lung and small intestine were determined using FACS (n = 6). (e) Protein level of CCL20 in lungs of HIN1 infected
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the Chaol or Shannon indices were observed (Supplementary Fig. 3c).
Firmicutes, bacteroidetes, spirochaetes and proteobacteria were the
main bacterial phyla in the three groups (Fig. 3c), and the relative
abundance of Proteobacteria increased in the HIN1 group, while LrEVs
treatment largely prevented these changes (Fig. 3b). Based on these
results, IAV infection causes disorders of the lung microbiota and in-
testinal microbiota, while LrEVs significantly alleviate the impact of
influenza infection on the lung and gut microbiota. Therefore, LrEVs
synchronously regulate the microbiota composition in the lung and in-
testine of HIN1-infected mice.

Metabolic products originating from microbial fermentation may be
responsible for the effects of bacteria on host metabolism. Findings have
shown that short chain fatty acid (SCFA) are the final metabolites of
carbohydrate processing by the intestinal flora. We examined the con-
centrations of SCFAs in the BALF and feces of mice. The propionic acid
and butyric acid concentrations in the BALF of mice infected with HIN1
were significantly increased after treatment of LrEVs while no signifi-
cant difference in concentration of acetic acid and valeric acid were
observed (Fig. 3d). Moreover, the concentrations of isovaleric acid,
propionic acid, butyric acid and acetic acid were significantly greater in
the gut of the LrEVs treatment group than in that of the HIN1 group
(Fig. 3e). These data suggested that the protective effects of LrEVs may
be related to the microbiota and SCFAs in the lung and intestine.

2.4. LrEVs reduced the frequency of CCR6™ Th17 cells in the lungs and
intestines of H1N1-infected mice and inhibited Th17 cell differentiation

Influenza virus infection induces intestinal immune injury via
microbiota-mediated Th17 cell-dependent inflammation [5]. Th17 cells
have been related to the underlying mechanism of LrEVs treatment in
immunity injury induced by IAV. We then investigated Th17 cell
response in the lung and intestine. The results demonstrated that the
percentage of Th17 cells was greater in the lungs and intestines of
infected mice than in those of control mice, LrEVs treatment decreased
the percentage of Th17 cells in infected mice (Fig. 4a-b). IAV infection
induced the migration of CCR6" Th17 cells from the gut to the lung via
the CCR6-CCL20 axis [27]. Our results showed that the percentages of
CCR6" Th17 cells in the small intestine and lungs significantly increased
in mice infected with HIN1 compared to control mice, LrEVs treatment
reduced the percentage of CCR6" Th17 cells (Fig. 4c-d). CCL20 (CCR6
ligand) gene expression was high in the lung, but low in the heart, liver,
small intestine and spleen [27]. Therefore, we detected the level of
CCL20 in the lung, the level of CCL20 in the lungs of mice infected with
H1N1 decreased significantly after treatment with LrEVs (Fig. 4e). Th17
cells are proinflammatory T helper cells which secreted IL-17. Therefore,
LrEVs may inhibit HIN1-induced IL-17 production. Then, the level of
IL-17A was analyzed, and as we expected, the result showed that LrEVs
administration reduced IL-17A level in the lung and intestine of
H1N1-infected mice (Fig. 4f). To investigate whether LrEVs can directly
affect Th17 differentiation, we isolated native CD4 T cells from mouse
spleens and induced Th17 cells in vitro in the presence or absence of
LrEVs. Under Thl7 polarization conditions, LrEVs reduced the per-
centage of CD4'IL-17A" cells (Fig. 4g-h). Thus, LrEVs influenced the
development of Th17 cells in vitro. Collectively, these results suggested
that LrEVs attenuated the differentiation of Th17 cells and the migration
of CCR6" Th17 cells from the gut to the lung. Our results indicated that
LrEVs suppress of Th17 cell differentiation and attenuate the migration
of CCR6™ Th17 cells from gut to lung that related to the CCR6-CCL20
axis in mice infected with IAV.

2.5. LrEVs regulate IL-17-producing ILCs response in the small intestine
and lungs of H1N1-infected mice

Since IL-17A can be produced by multiple cell types, such as ILCs,
CD4" T (Th17) cells, CD8" (Tc17) cells, and 5 T cells [28]. Therefore,
we analyzed the relative contribution of these cells to the elevated
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IL-17A in lung and small intestine of mice infected with H1N1 infection.
We found the ILCs are the major source of IL-17A in the lung of
H1N1-infected mice (Supplementary Figs. 5-1 a, c), and y8 T cells are
the major source of IL-17A in the small intestine of HIN1-infected mice
(Supplementary Figs. 5-1 b, d). LrEVs treatment showed an inhibited
effect on the increase of frequency of IL-17ATCD45" cells,
IL-17A"CD4"T (Th17) cells and IL-17A™" ILCs both in the lung and small
intestine of H1N1-infected mice (Supplementary Figs. 5-1 e, f and
Fig. 5a and b), while LrEVs treatment decreased the frequency of
IL-17A" y8 T only in the small intestine of H1N1-infected mice, not in
lung (Supplementary Figs. 5-1 g). No significant in IL-17A" CD8™" T cells
was observed in H1N1-infected mice compare to the control mice.
(Supplementary Figs. 5-1 h). These findings implying the important role
of Th17 cells and ILCs in producing IL-17A both in lung and small in-
testine of HIN1-infected mice. Therefore, we further elucidate the effect
of LrEVs on the ILCs response induced by infection with influenza virus.

We first assessed ILC subsets in the lung and small intestine of mice
following HIN1 infection. The results demonstrated that the frequency
of ILC1s decreased in the lung while increased in the small intestine of
H1N1-infected mice compared with that in control mice, and LrEVs
treatment significantly attenuated the disorders of ILC1s in the lung and
intestine (Supplementary Figs. 5-3 a). The frequency of ILC2s was
increased in the lung and intestine of mice of infected HIN1 compared to
that in control mice, LrEVs treatment significantly reduced the increase
in ILC2s frequency both from the lung and intestine of HIN1 infected
mice (Supplementary Figs. 5-3 b). no significant were obtained in the
frequency of ILC3s in the lung and intestine of mice treated with LrEVs
compared to that in HIN1 infected mice. (Supplementary Figs. 5-3 c).

ILC1s are characterized by their capacity to produce IFN-y, whereas
ILC2s can produce IL-4. Compared with HIN1 infection, LrEVs treat-
ment significantly decreased the percentage of IFN-y* ILCls in the lung
and small intestine, increased the percentage of IL-4™ ILC2s in the lung
and small intestine of HIN1 infected mice (Supplementary Figs. 5-3 d-
g). IL-17-producing ILC3s accumulated in the lung tissues and small
intestine of HIN1-infected mice, and LrEVs treatment prevented the
percentage of IL-17A " ILC3s (Fig. 5c-d). Recent studies have shown that
ILCs are highly plastic: ILC1s and ILC2s can transdifferentiate into IL-17-
producing ILCs. Our results showed that the frequency of IL-17ATILC1s
and IL-17ATILC2s increased in the lungs and small intestines of HIN1-
infected mice, and LrEVs treatment decreased the frequency of IL-
17A" ILCls and IL-17A" ILC2s (Fig. Se-h). These data suggest that
LrEVs regulated IL-17-producing ILCs response in the small intestine and
lungs of H1N1-infected mice.

2.6. MiR-4239 is an essential cargo of LrEVs that regulates IL-17a
expression

As mentioned before, the protective effect of LrEVs treatment against
IAV infection during HIN1 infection is related to regulation of the IL-17
response. We hypothesize whether miRNAs from LrEVs could regulate
the IL-17 response. To test this hypothesis, we performed a next-
generation sequencing to profile small RNAs in LrEVs. The sequencing
results indicated that LrEVs contained 4152 different miRNAs (http
s://ngdc.cncb.ac.cn; accession number PRJCA024464). The 10 most
prevalent miRNAs in LrEVs are listed in Table S1. To clarify the rela-
tionship between miRNAs in LrEVs and IL-17a gene expression, we
searched for miRNAs in LrEVs that could bind to the 3-UTR of the
human IL-17a gene through the TargetScan and miRanda databases.
MiR4239 was among the top 10 most abundant miRNAs and were
verified to have the most binding sites for the 3-UTR sequence of the
human IL-17a gene (Fig. 6a). To determine whether the candidate
miRNAs directly bind to the trailer regions of IL-17a, we performed dual-
luciferase reporter gene assays in 293T cells. The 3-UTR of the IL-17a
gene was fused to a Gaussian luciferase reporter (Gluc) so that any
functional interaction between the regulatory miRNA and the reporter
construct reduced luminescence. Cotransfection of IL-17a luciferase
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Fig. 5. LrEVs attenuated the frequency of IL-17-producing ILCs in the small intestine and lungs of H1N1-infected mice. Female BALB/c mice were infected with 1.5
LDso of HIN1 by intranasal inoculation. Mice were treated with LrEVs (10 mg/kg/day, p.o.) or PBS (p.o.) once a day starting 2 days before infection, and sequentially
treated with or without drugs for 7 successive days, mice were sacrificed on day 5 post-infection, then lung and small intestine were obtained from different groups
(n = 6). (a-b) The frequency of IL-17ILCs were determined using FACS. (c-d) The frequency of IL-17ILC3s were determined using FACS. (e—f) The frequency of IL-
17*ILC1s was determined using FACS. (g-h) The frequency of IL-17"ILC2s was determined using FACS. SI: small intestine, *P < 0.05; **P < 0.01; ***P < 0.001 as

compared to HIN1+PBS group.

reporter constructs and miR-4239 mimics in 293T cells confirmed a
significant decrease in the luciferase-mediated luminescence of miR-
4239 (Fig. 6b). The result indicated that miR-4239 had direct interac-
tion with IL-17a. As IL-17a plays a central role in regulating inflam-
mation induced by ALV infections. What effect miR-4239 will exert on
IAV-induced pro-inflammatory responses? Therefore, we determined
the effect of miR-4239 on IAV-induced pro-inflammatory responses in
A549 cells. Compared to HIN1 group, transfection with 100 nM miR-
4239 mimic significantly decreased the mRNA levels of IL-17a in
HI1N1-treated A549 cells, and LrEVs treatment alone also decreased the
mRNA levels of IL-17a (Fig. 6d). While miR-4239 mimics or LrEVs alone
didn’t reduce the viral load in HIN1-treated A549 cells, only combining
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them significantly reduced the viral load in HIN1-treated A549 cells
(Fig. 6¢). miR-4239 mimics alone decreased the mRNA levels of the
proinflammatory cytokines MCP-1a, IP-10 significantly, while not IL-6
in A549 cells infected with HIN1 (Fig. 6e-g). LrEVs alone as well as the
combination of miR-4239 mimics decreased the mRNA levels of the
proinflammatory cytokines MCP-1a, IP-10 and IL-6 in A549 cells infec-
ted with HIN1 significantly (Fig. 6e-g). To further verify whether
miRNAs could be delivered to effector tissues by these LrEVs, mice were
orally administered a daily dose of LrEVs for 7 days. On the final day, the
organ tissues (heart, liver, spleen, lung, kidney and small intestine) were
subjected to FISH analysis. Fluorescence was detected in the lungs and
small intestine, and miR4239 probes are predominantly positive in
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Fig. 6. MiR-4239 is an essential cargo of LrEVs that regulates IL-17A expression. (a) miR-4239 binding sites to the human IL-17a gene. (b) miR-4239 binding site in
the human IL-174d-UTR and luciferase constructs with the wild-type (WT) and mutant (Mut) target sequences. 293T cells were co-transfected with 100 nM of the miR-
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mimics were infected HIN1 (c) Virus titer of A549 cells was analyzed, (d-f) MRNA of IL-17A, IL-6, MCP-1, IP-10 in A549 cells were analyzed. *P < 0.05; **P < 0.01;
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epithelial cells. (Fig. 6h), while not in heart, liver, spleen kidney
(Supplementary Fig. 6); this suggested that orally administered LrEVs
can deliver miRNA to the lungs and small intestine and miR4239 affects
IL-17A expression in epithelial cells. Our study demonstrated that miR-
4239 is an essential cargo of LrEVs that regulates IL-17a expression.

2.7. MiR-4239 in epithelial cells regulate IL-17-producing cells response

As miR-4239 probes are predominantly positive in epithelial cells in
FISH analysis, To explore how miR-4239 in epithelial cells influences IL-
17-producing cells response, we designed an in vitro culture system
made up of TC-1 cells (mouse lung epithelial cells) and IL-17-producing
cells including Th17 cells and MNK-3 cells (mouse ILC3-like cell line).
Firstly, TC-1 cells were transfected with miR-4239 mimics or NC mimics
(negative control), then the cells were infected with HIN1 IAV. After
24h, TC-1 cell supernatant was gathered and used to treat th17 cells
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(Fig. 7a). The cytokine of supernatant of TC-1 cells infected with HIN1
were detected before treating Th17 cells. HIN1 significantly elevated
level of IL-6, KC, MIP-1a in TC-1 cells supernatant compared control
group, and miR-4239 mimics significantly suppressed the increase of IL-
6, KC, and MIP-1a protein levels in TC-1 cells supernatant induced by
H1N1(Fig. 7b). Then, under Th17 polarization culture conditions, the
supernatant of HIN1-infected TC-1 cells which transfected with miR-
4239 mimics (Sup - TC-1 - miR-4239) reduced the percentage of
CD4'IL-17A" cells, compared to the supernatant of H1N1-infected TC-1
which transfected with NC mimics (Sup - TC-1 — NC), Thus, Sup - TC-1 -
miR-4239 significantly suppressed Thl7 differentiation in vitro
(Fig. 7c—d). To further testify the signaling pathways by which Sup - TC-
1 - miR-4239 regulate Th17 cell differentiation, we assessed the levels of
p-STAT-3 (Tyr705) under Th17 cell differentiation condition by Western
blot, The level of p-STAT3 in Th17 cells treated with Sup - TC-1 - miR-
4239 was decreased compared to the Sup -TC-1 - NC (Fig. 7e-f),
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Fig. 7. The supernatant of TC-1 epithelial cells transfected miR-4239 regulated IL-17-producing cells response. (a) Experimental design of an in vitro culture system
composed of TC-1 cells and Th17 cells. (b) Cytokines levels of TC-1 cells which transfected miR-4239 or NC mimics after infecting HIN1. (c—d) Naive CD4 " cells were
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assayed using FACS (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 as compared to Sup — TC-1- NC group. (e-f) Western blot images of p-STAT3 in th17 cells treated
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Consistent with the in vitro findings, HIN1 infection induced the
phosphorylation of STAT3, whereas LrEVs reduced STAT3 phosphory-
lation (Fig. 7g-h), our findings suggested that the inhibition effect of
miR-4239 in epithelial cells on Th17 cell differentiation associated with
a decrease in STAT3 phosphorylation. Furthermore, MNK-3 cells
response was also investigated under the treatment of supernatant of
H1N1-infected TC-1 cells (Fig. 7i). The result showed that Sup - TC-1 -
miR-4239 decreased the mRNA levels of the proinflammatory cytokines
IL-17a, IL-6, IP-10 significantly, compared to the Sup - TC-1 — NC
(Fig. 7j), it suggested that miR-4239 showed anti-inflammatory activity
in MNK-3 cells which treated with supernatant of HIN1-infected TC-1
cells. Therefore, our findings suggested that miR-4239 in epithelial cell
could regulate IL-17-producing cells response.

3. Discussion

IAV continues to pose a significant threat to global public health and
causes seasonal outbreaks and periodic pandemics that result in sub-
stantial morbidity, mortality, and economic burden worldwide. The
therapeutic potential of probiotics, such as Lactobacillus treatment, for
IAV infections has garnered increased attention, particularly their abil-
ity to modulate immune responses and the composition of the micro-
biota. Concurrently, EVs derived from probiotics have demonstrated
potential as mediators of host immune responses and anti-inflammatory
effects. In this study, we showed that orally administered LrEVs could
accumulate in lung tissues and intestine, alleviate lung and intestinal
immunopathology induced by IAV. Furthermore, oral administration of
LrEVs synchronously regulates the dysbiosis of the lung microbiota and
gut microbiota, as well as increased SCFAs levels in both the lung and
intestine. Mechanistically, LrEVs protected against IAV infection by
modulating IL-17-producing cells in the lung and intestine synchro-
nously, including suppressing Th17 cell differentiation and migration,
and regulating IL-17-producing ILCs. More importantly, miR-4239 was
an essential cargo of LrEVs that regulated IL-17a expression.

Extensive evidence has demonstrated that bacterial extracellular
vesicles (BEVs) cross endothelial barriers and reach blood vessels, thus
being distributed to distal organs [29,30]. However, the rapid uptake of
EVs by the mononuclear phagocytic system (MPS) poses a significant
challenge for drug delivery to target sites, especially the higher accu-
mulation of EVs in the liver [31]. Studies have shown that when
nano/micro-particles (NMPs) are about 100 nm in diameter, the liver
has the smallest clearance effect, and NMPs remain in the blood circu-
lation for the longest time [32,33]. The LrEVs we choose to have the
diameter that smaller than 100 nm which gives its weaker scavenging
capacity of the liver, improving its blood retention time. In addition, for
orally EVs, their membrane structure can resist the action of gastric acid
and RNase, and safely deliver them to the intestine for further uptake by
macrophages and other intestinal cells [34]. Our study also showed that
orally administered fluorescence-labeled LrEVs were observed in the
intestine, liver and lung, and FISH analysis identified miR-4239 derived
from LrEVs in lung and intestinal tissues, thus suggests that LrEVs may
be absorbed into the blood circulation through the small intestine after
oral administration and then reaches distal organs lung tissues, while
what fraction of LrEVs are damaged or lost through epithelial cell or
other cell uptake and what proportion persists in the gut remains un-
clear. Thus, additional research is needed to unravel the mechanism by
which LrEVs can persist in the gut and reaches distal organs in our future
study. Anyway, our research indicates the bioavailability of oral LrEVs
makes them as promising natural delivery candidate for orally admin-
istered drugs that are loaded with antiviral agents or immunomodula-
tors to regulate the immune response to respiratory viruses; this
potentially mitigates inflammation and lung damage associated with
severe viral infections.

The maintenance of microbiota homeostasis is essential for preser-
ving overall bodily health [35]. Both the respiratory tract and gut
microbiota influence the immune responses of host to infection caused
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by IAV [9,36]. The observed regulatory effects of LrEVs on both the lung
and gut microbiota composition in IAV-infected mice indicate that in-
terventions aimed at restoring microbial homeostasis in both compart-
ments could have therapeutic implications for viral respiratory diseases.
Short-chain fatty acids (SCFAs) derived from the microbiota, such as
acetate, propionate, butyrate and so on, have primarily been linked to
the regulation of the immune system and the prevention of excessive
inflammation [37,38]. SCFAs treatment reduced neutrophils recruit-
ment and CXCL1 levels to prevent influenza virus disease [39]. Simi-
larly, we noticed that the recruitment of neutrophils and the increase in
CXCL1 levels in both the lung and intestine of HIN1-infected mice were
suppressed by the treatment of LrEVs. Therefore, the observed increase
in SCFAs levels in response to LrEVs treatment contributes to the host
immune homeostasis during IAV infection.

Several investigations have demonstrated that butyrate suppresses
IL-17 levels in both the plasma and colonic mucosa and further increases
peripheral blood Treg cell levels, as well as plasma levels of anti-Th17
cytokines [40,41]. Pentanoate increases CD4" T-cell histone deacety-
lase inhibition, thereby decreasing IL-17 production [41]. Propionate
directly inhibits IL-17 production in y8 T cells via histone deacetylase
[42]. These indicated that the potential mechanisms of LrEVs treatment
on AV infection may related to IL-17 response. IL-17A is a proin-
flammatory cytokines that has been implicated in the pathogenesis of
influenza-induced lung inflammation. Previous research has demon-
strated that respiratory influenza infection leads to the up-regulation of
IL-17A expression in the lungs and that weight loss and survival are
improved in IL-17RA-deficient mice or mice treated with an anti-IL-17
antibody [43]. Th17 cells are key producers of IL-17A in many disease
models. In pulmonary disease, excessive Th17 cell activation hinders the
ability of CD8" T cells to eliminate viral particles, which interact with
the innate immune system to worsen lung inflammation [44]. Th17 cells
have been reported to mediate influenza-induced intestinal immune
injury. In our study, we found that LrEVs decreased the frequency of
Th17 cells in the lungs and intestine of H1N1-infected mice. IAV infec-
tion induced the migration of CCR6' Th17 cells from the gut to the lung
via the CCR6-CCL20 axis [27]. Further investigation revealed that LrEVs
reduced the expression of chemokine CCL20 in the lung and decreased
the frequency of Th17 cells carrying CCR6" (the CCL20 receptor). In
addition, LrEVs inhibited Th17 cell differentiation of naive CD4™ T cells
in vitro. Corresponding, IL-6, play a crucial role in the differentiation of
Th17/Treg cells [45], was significantly decreased by the treatment of
LrEVs in the lung and intestine of H1N1-infected mice. The novel
observation that LrEVs can suppress the differentiation and migration of
Th17 cells provides new insight into how extracellular vesicles derived
from Lactobacillus reuteri, can modulate the immune response.

ILCs are a broad category of innate immune cells that are essential for
tissue homeostasis, inflammatory responses, and immunological sur-
veillance even though they do not have antigen-specific receptors [46].
Group 3 ILCs (ILC3s) have drawn the most interest among the different
subsets of ILCs due to their capacity to generate IL-17A [47]. Several
studies have shown that ILCs are highly plastic and can trans-
differentiate into IL-17-producing ILCs [48,49]. We found that IAV
infection induced an increase in the frequency of IL-177ILCls and
IL-17"ILC2s in the lung and small intestine, and LrEVs treatment
attenuated the increase. IL-1p drive plasticity of human ILC2s towards
IL-17-producing ILCs, while this conversion is abrogated by IL-4 [49].
Interesting, LrEVs treatment decreased the level of IL-1f and increased
the level of IL-4 in the intestine of IAV-infected mice; It suggests that the
inhibit effect of LrEVs on the IL-17-producing ILCs may relate to the
plasticity of ILCs transdifferentiation into IL-17-producing ILCs, and this
effect of LrEVs on ILCs may be achieved by modulating the inflamma-
tory tissue microenvironment. The detailed mechanisms by which LrEVs
regulate IL-17-producing ILCs need be studied in our future study. our
findings of IL-17-producing ILCs response during HIN1 infection
contribute to understanding immune responses to respiratory viruses.

Nonetheless, although LrEVs exerted protective effects against IAV
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infection by modulating the response of IL-17-producing cells, the exact
mechanisms involved have not been fully elucidated. RNA sequencing
and bioinformatic analysis showed that miR-4239 is one of the top 10
most abundant miRNAs in LrEVs. Additionally, it exhibited the highest
number of binding sites with the 3-UTR sequence of IL-17a. Here, we
demonstrated that miR-4239 significantly inhibited IL-17a gene
expression and decreased proinflammatory cytokine in A549 cells
infected with HIN1. These findings suggest that miR-4239 could be an
essential component of LrEVs involved in regulating the expression of IL-
17a in A549 cells infected with IAV. Notably, miR-4293 derived from
LrEVs were detected to reach remote organs lung It is possible that some
fraction of LrEVs reaching the lung directly modulated lung inflamma-
tion in the current study. In the future, we will explore the potential
mechanisms by which LrEVs cross complex biological barriers to reach
the lung and interact with lung cells to promote their uptake and
ameliorate inflammation, this is crucial for harnessing the therapeutic
potential of LrEVs in respiratory conditions.

FISH analyzed that the miR-4239 probes are predominantly positive
in epithelial cells, and miR-4239 significantly inhibited IL-17a gene
expression and decreased proinflammatory cytokine in A549 lung can-
cer epithelial infected with HIN1. This suggests that miR-4239 may
directly affects IL-17A expression in epithelial cells, To explore how does
miR-4239 in epithelial cells influence IL-17-producing cells response, we
designed an in vitro culture system made up of TC-1 cells (mouse lung
epithelial cells) and IL-17-producing cells including Th17 cells and
MNK-3 cells (mouse ILC3-like cell line). The results showed miR-4239
inhibited the differentiation and STAT3 phosphorylation of Th17 cells
induced by the supernatant of TC-1 cells infected with HIN1, exhibited
an anti-inflammatory activity in the MNK-3 cells treated supernatant of
TC-1 cells infected with HIN1. High levels of IL-6, KC and MIP-1a
contribute to the intense inflammatory response seen in severe cases of
influenza and have been associated with severe influenza and correlate
with worse clinical outcomes [50-52]. Modulating the inflammatory
microenvironment to balance the immune response and reduce
inflammation is critical for treating IAV infections. As miR-4239 inhibits
the increased levels of cytokines IL-6, KC and MIP-1a in the supernatant
of TC-1 cell infected HIN1. Therefore, we speculated that miR-4239 in
epithelial cells regulate the IL-17-producing cells immune response
related to modulating the inflammatory microenvironment.

4. Conclusion

In conclusion, our findings indicate that oral administration of LrEVs
mitigates Influenza A Virus Infection via blunting IL-17 signaling, and
miR-4239 is an essential component of LrEVs. These findings suggest
that LrEVs, as a non-replicative component of bacteria, may represent a
novel probiotic strategy for targeting pulmonary infections and various
immune-mediated conditions.

5. Materials and methods
5.1. Bacterial strain culture and isolation of LrEVs

Lactobacillus reuteri EHA2 was previously isolated by our laboratory
from the feces of healthy people. This strain was identified by 16S rRNA
sequence analysis. L. reuteri EHA2 was routinely incubated in MRS broth
at 37 °C under anaerobic conditions. LrEVs were isolated from the cul-
ture supernatants of L. reuteri EHA2 using a series of ultracentrifugation
steps. Briefly, after cultivation in MRS broth for 36 h, culture superna-
tants devoid of bacteria were obtained by centrifugation (15,000xg, 25
min, 4 °C), filtered through a 0.22-um bottle top vacuum filter (Corn-
ing), and subsequently concentrated using an Amicon ultrafiltration
system (Millipore) equipped with a 100-kDa filter. The LrEVs pellets
were obtained via ultracentrifugation (150,000xg, 2 h, 4 °C) and
washed in sterile phosphate-buffered saline (PBS; pH 7.4). The collected
LrEVs were filtered (with a 0.22 pm Corning filter) to remove any
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possible bacterial contamination and then stored at —80 °C.

5.2. Transmission electron microscopy and nanoparticle tracking analysis
(NTA)

LrEVs samples were examined under an HT7800 electron microscope
at 80 kV (JEOL, Tokyo, Japan). The EVs were diluted with PBS, and 10
pL of 50 pg/mL was added to 200-mesh copper grids (EMS, Hatfield, PA,
USA). Uranyl acetate (2 %) was then dropped onto the grids to stain the
LrEVs. The images were captured using a JEM1011 electron microscope.

NTA was performed using a NanoSight NS300 system (Malvern In-
struments, Malvern, UK) equipped with a sample chamber with a 405
nm laser. Samples (1-2 pg/mL) were disaggregated using a needle and
syringe before being injected into the NanoSight sample cubicle by
continuous syringe pump flow (30-50 frames/second). The parameters
maintained during the experiments included a camera level of 7, a
detection threshold of 10, a flow rate of 50, a capture number of 3, a
capture duration of 40-60 s, and a temperature of 25 °C. Data analysis
was performed using NanoSight NTA 3.3 software.

5.3. Animal experiments

Six-to eight-week-old specific pathogen-free (SPF) BALB/c female
mice (SCXK20190004) weighing 18-20 g were obtained from Hunan
SJA Laboratory Animal Co., Ltd. (Hunan, China). The mice were housed
in collective cages under a 12 h light/dark cycle, with free access to food
and water. The air temperature was maintained at 22 + 2 °C with a
relative humidity of 50 &+ 10 %. All animal care and experimental pro-
cedures were approved by the Animal Care and Use Committee of
Guangzhou Medical University. The mice used in this study were
randomly assigned to different treatment groups. For analysis of the
biodistribution of LrEVs, mice (n = 3 per group) were used. For the
survival study, mice anesthetized with 2.5 % isoflurane were intrana-
sally challenged with 50 pL of virus (2.5 LDsg) or PBS. Daily doses of
LrEVs-H (10 mg/kg/d), LrEVs-L (5 mg/kg/d) or PBS were orally
administered to infected mice beginning 2 days before infection and
continuing to 4 days post-infection (dpi). Oseltamivir phosphate (Stru
Chem Co., Ltd., China) (60 mg/kg/d) was orally administered to the
infected mice beginning at 0 dpi and continuing to 4 dpi; the body
weights and deaths of the mice were monitored daily until 15 dpi, 30 %
weight loss except mortality were added to the criterion for deciding the
survival test’s endpoint [53-55].In the model of sublethal infection,
mice anesthetized with 2.5 % isoflurane were intranasally challenged
with 50 pL of virus (1.5 LDsg) or PBS. LrEVs or PBS was orally admin-
istered to the infected mice once daily for 2 days before infection and for
4 dpi. All mice were sacrificed by euthanasia at 5 dpi. All animal ex-
periments were performed according to the Animal Care and Use
Committee of Guangzhou Medical University(2022287).

5.4. In vivo biodistribution of LrEVs

Three BALB/c mice per group were used to investigate the bio-
distribution of LrEVs following oral administration. LrEVs were labeled
with the near-infrared fluorescent dye DiR (5 pM, Thermo Fisher) via
incubation at 37 °C for 20 min. Afterward, the labeled LrEVs were
separated from any excess dye by centrifugation at a speed of 150,000 xg
for 2 h at 4 °C using a Beckman XPN-80 centrifuge. The LrEVs pellets
were dissolved in PBS, and the animals were given a single dose of DiR-
labeled EVs at 10 mg/kg. The organs were quickly removed from the
euthanized animals and then scanned ex vivo at 2, 6, 12, and 24 h using
an IS Spectrum system (PerkinElmer). In addition, the mice were orally
administered a daily dose of DiR-labeled LrEVs for 7 days and analyzed
for biodistribution. The relative intensities were measured and
compared with those of the free dye control. The images were further
analyzed using Living Image 4.4 software (Caliper Life Sciences). The
animal experiments were conducted in accordance with the guidelines
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of the Animal Care and Use Committee of Guangzhou Medical
University.

5.5. Histological staining and analysis

Mice (n = 4 per group) anesthetized with 2.5 % isoflurane were
intranasally challenged with 50 pL of virus (1.5 LDsg) or PBS. LrEVs or
PBS was orally administered to the infected mice once daily for 2 days
before infection and for 4 dpi. All mice were sacrificed by euthanasia at 5
dpi, and lung and small intestinal tissues from different groups were
fixed in 4 % paraformaldehyde, embedded in paraffin and sliced
(thickness = 4 pm). The sections were further stained with hematoxylin-
eosin (HE) and imaged by light microscopy (Nikon, ECLIPSE NI-U).

5.6. Proinflammatory cytokine analysis

Mice anesthetized with 2.5 % isoflurane were intranasally chal-
lenged with 50 pL of virus (1.5 LDsg) or PBS. LrEVs or PBS was orally
administered to the infected mice once daily for 2 days before infection
and for 4 dpi. All mice were sacrificed by euthanasia at 5 dpi, and
bronchoalveolar lavage fluid (BALF) and the small intestine were
collected from the mice. The BALF was centrifuged at 1100xg for 15 min
at 4 °C, and the supernatants were used for subsequent determination of
the viral titer and inflammatory mediator expression. The protein con-
centration in the supernatants of small intestinal tissue homogenates
was first measured using a Pierce BCA Protein Assay kit (Thermo Fisher
Scientific) according to the manufacturer’s protocol, and all samples
were adjusted to the same concentration. Then, the expression levels of
cytokines and chemokines in the supernatants of small intestinal tissue
homogenates and BALF were measured and quantified by the Bio-Plex
Pro-Mouse Cytokine assay using the Bio-Plex 200 Multiplex Testing
System (Bio-Rad, USA) according to the manufacturer’s protocol. The
data were analyzed using Bio-Plex Manager software (version 5.0; Bio-
Rad Laboratories). The viral titer was determined by a 50 % tissue
culture infective dose (TCIDsg) assay and calculated by the Reed-
Muench method.

5.7. Isolation of lung lymphocytes and small intestinal lamina propria
cells

Lung lymphocytes were isolated using a Lung Dissociation Kit (Mil-
tenyi) according to the manufacturer’s protocol. Briefly, lung tissues
from different groups were harvested, mouse lungs were dissected into
single lobes, and the lobes of the lungs were transferred to gentleMACS C
tubes containing the enzyme mixture. The C tube was tightly closed and
attached upside down to the sleeve of the gentleMACS Dissociator, and
the heating function of the gentleMACS Octo Dissociator with Heaters
run program 37C_m_LDK_1 was used. After termination of the program,
the C tube was detached from the gentleMACS Dissociator. The sample
was resuspended, and the cell suspension was applied to a MACS
SmartStrainer (70 pm). Then, the cell suspension was centrifuged at
300xg for 10 min, and the cells were resuspended in buffer for flow
cytometry. Small intestinal lamina propria cells were isolated using the
Lamina Propria Dissociation Kit (Miltenyi) according to the manufac-
turer’s protocol. Briefly, small intestines from different groups were
harvested, the feces were cleared, and residual fat tissue and Peyer’s
patches were removed. The intestine was cut first longitudinally and
then laterally into pieces approximately 0.5 cm in length. The tissue
pieces were transferred to a 50 mL tube containing 20 mL of prediges-
tion solution, and the sample was incubated for 20 min at 37 °C under
continuous rotation using the MACSmix Tube Rotator. Then, the sample
was applied to a MACS SmartStrainer (100 pm), and the above predi-
gestion procedure was repeated three times. The intestinal tissue was
transferred to a gentleMACS C tube containing the enzyme mixture, and
the C tube was closed using the heating function of the gentleMACS Octo
Dissociator with the Heaters run program 37C.m_LPDK_1. After
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termination of the program, the C tube was detached from the gentle-
MACS Dissociator. The sample was resuspended, and the cell suspension
was applied to a MACS SmartStrainer (100 pm). The cell suspension was
centrifuged at 300xg for 10 min at room temperature. The lamina
propria lymphocytes were resuspended for flow cytometry.

5.8. Flow cytometric analysis

The lung lymphocytes and small intestinal lamina propria cells iso-
lated from the different groups were washed and resuspended in FACS
buffer, and the Fc receptors were blocked using 25 mg/mL anti-mouse
CD16/32 (Biolegend, USA). The cells were stained with the following
anti-mouse antibodies: PE-conjugated CD1lc, Red718-conjugated
CD45, BUV395-conjugated CD3, BUV737-conjugated CD4, BV421-
conjugated RORyt, BV510-conjugated NKp46, AF647-conjugated
NKp46; BV650-conjugated CCR6, BV421-conjugated CCR6; BV711-
conjugated GATA-3, BV786-conjugated T-bet, and AF647-conjugated
Eomes, PE-conjugated Eomes, BV605-conjugate IL-17A, BUV396-
conjugated IL-17A, BV786-conjugate IL-17A (all from BD Biosciences).
BV421-conjugated F4/80, PE-Cy7-conjugated CD11b, APC-Fire750-
conjugated Ly6G, PE-CF594-conjugated IFN-y, PE-Cy5-conjugated
CD127, PE-Cy7-conjugated IL-4, APC-Fire750-conjugated CD3e were
obtained from Biolegend. FITC-conjugated Lin (Thermo Fisher). Ghost
Dye™ Violet 450 (TONBO Biosciences) used to exclude dead cells.
Analysis of immune cell populations was performed by flow cytometry
using a 5-laser Fortessa X-20 system (BD Biosciences). The data were
analyzed using Flowjo software (TreeStar, USA).

5.9. Microbiota analysis

The contents of the distal small intestine and BALF were collected
under aseptic conditions after the mice were sacrificed. DNA isolation
was performed using an OMEGA Soil DNA Kit (M5635 02 Q Bio Tek,
Norcross, GA, USA). The 16S rRNA gene (V3-V4 region) was amplified
using the following primers: 347F (5-CCTACGGRRBGCASCAGKVRV-
GAAT-3) and 806R (5-GGACTACNVGGGTWTCTAATCC-3). PCR
amplicons were purified with Vazyme VAHTSTM DNA Clean Beads
(Vazyme, Nanjing, China) and quantified using the Quant-iT PicoGreen
dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). After the individual
quantification step, amplicons were pooled in equal amounts, and
paired-end 2*250 bp sequencing was performed using the Illumina
NovaSeq platform with a NovaSeq 6000 SP Reagent Kit.

5.10. Determination of SCFAs

The quantification of SCFAs was determined by GC-MS using a
TRACE 1300/TSQ 9000 system (Thermo Fisher Scientific, USA). Briefly,
the samples were extracted in 50 pL of 15 % phosphoric acid with 10 pL
of 75 pg/mL 4-methylvaleric acid solution as the IS and 140 pL of ether.
Subsequently, the samples were centrifuged at 4 °C for 10 min at 12000
rpm after vortexing for 1 min, and the supernatant was transferred to a
vial prior to GC-MS analysis.

5.11. Invitro TH17 cell differentiation

Splenocytes were harvested as followed the instruction of Mouse
Naive CD4™ T Cell Isolation Kit (Miltenyi Biotec) and were distributed
into 96-well plates (1 x 10° cells/well) containing plate-bound anti-CD3
antibody (1 mg/mL; Invitrogen) and anti-CD28 antibody (10 pg/mL;
Invitrogen). Different cytokines were then added to induce specific types
of T cells. TGF-p (2 ng/mL; Biolegend), IL-6 (40 ng/mL; Abcam), anti-IL-
4 (5 pg/mL; PeproTech), anti-IFN-y (5 pg/mL; PeproTech) anti-IL-2(1
pg/mL; ThermoFisher) were added for Th17 differentiation. Cells were
cultured for 3 days in the absence or presence of LrEVs. Cells were
subsequently analyzed using by flow cytometer.
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5.12. RNA extraction, library construction, and sequencing

RNA extraction, library construction and sequencing were performed
by a commercial service (Gene Denovo Co., Ltd., Beijing, China). In
brief, we obtained total RNA from a TRIzol reagent kit (Invitrogen,
Carlsbad, CA, USA). Polyacrylamide gel electrophoresis (PAGE) was
used to concentrate the RNA molecules that were between 18 and 30 nt
in size. Then, 3" adapters were added, and the 36-44 nt RNAs were
substantially enriched. Next, the 5' adapters were linked to the RNAs.
The ligation products were reverse transcribed by PCR amplification,
and the 140-160 bp PCR products were enriched to generate a cDNA
library and sequenced using an Illumina NovaSeq 6000 system by Gene
Denovo Biotechnology Co. (Guangzhou, China).

5.13. Target gene prediction and enrichment analysis

Two software programs, miRanda (version 3.3a) and TargetScan
(version 7.0), were used to predict targets. The intersection of the results
was more credible for the selection of predicted miRNA target genes.
Target gene functional enrichment analysis included GO enrichment
analysis and pathway enrichment analysis.

5.14. Cell culture

Human lung epithelial (A549) cells, Madin-Darby canine kidney
(MDCK) cells, HEK293T cells, and MNK-3 were cultured in 25 cm? tissue
culture flasks (Corning) in DMEM (Gibco, Life Technologies). Lung
epithelial cells (TC-1) cells were cultured in 25 cm? tissue culture flasks
(Corning) in RPMI1640 (Gibco, Life Technologies). The culture medium
was supplemented with 10 % (v/v) FBS (Gibco, Life Technologies) and
100 U/mL penicillin—streptomycin (Gibco, Life Technologies). The cells
were incubated at 37 °C with 5 % COs.

5.15. Luciferase assay

HEK293T cells were plated onto 96-well plates and grown to 70 %
confluence. The cells were cotransfected with 100 nM miR-4239 mimics
and 200 ng pmirGLO-IL-17A or the corresponding mutant type (mut).
The medium containing the transfection reagent was exchanged for
normal media 6 h post-transfection. A dual luciferase assay kit (Prom-
ega) was used for the dual luciferase assay. Cells from each well were
harvested 24 h post-transfection, and Renilla luciferase activity was
assessed. The results are presented as the ratio of firefly luciferase ac-
tivity to Renilla luciferase activity.

5.16. Transfection

A549 cells were transiently transfected with miR-4239 mimics (100
nM), corresponding negative controls using Lipofectamine™ 3000
(Invitrogen) in Opti-MEM (Invitrogen) according to the manufacturer’s
recommendations. miRNA sequences are listed in Table S1. Eight hours
later, the medium was replaced with complete growth medium, and the
cells were grown overnight. Then, the A549 cells were exposed to HIN1
virus at a multiplicity of infection (MOI) of 1 for 2 h at 37 °C. After the
virus was adsorbed, the inoculum was removed and replaced with cul-
ture medium for another 24 h. The culture supernatants were then
collected for viral titer determination, and the cells were harvested for
RNA isolation. The viral titer was determined by a TCID50 assay and
calculated by the Reed-Muench method.

5.17. Reverse transcription PCR and real-time quantitative PCR

Total RNA isolation and qPCR were performed as previously
described. Real-time quantitative PCR was performed with TagMan
probes and primer sets using an Applied Biosystems 7500 system. The
primer and probe sequences used for analysis are listed in Table S2. The
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relative gene expression was calculated using the 2-AAC method with
GAPDH as an internal reference.

5.18. Fluorescence in situ hybridization (FISH)

The mouse lung tissues, and small intestine were embedded in
optimal cutting temperature (OCT) compound and sliced into 10 pm
sections on a cryostat (Leica). The frozen sections were fixed in 4 %
paraformaldehyde for 10 min. After fixation, the sections were boiled in
repair solution for 10-15 min and naturally cooled, and proteinase K
(20 pg/mL) was added to the sections, which were subsequently diges-
ted at 37 °C for 30 min. Then, the prehybridization solution was added
to the sections, which were subsequently incubated at 37 °C for 1 h.
After 1 h, the prehybridization solution was poured out, the probe hy-
bridization solution was added at a concentration of 8 ng/pL, and hy-
bridization was carried out in the incubator at 37 °C overnight. After the
hybridization solution was added three times, the sections were incu-
bated with DAPI staining solution (2 pg/mL) in the dark for 8 min. An
antifluorescence quenching sealing agent was added to the sections.
Mounted sections were analyzed by confocal microscopy (Olympus).

5.19. Invitro culture system made up of TC-1 cells and IL-17-producing
cells

MNK3 cell, a murine lymphocyte line which exhibits ILC3-specific
surface markers, transcript expression and cytokines, was previously
developed as an in vitro model to investigate the function of ILC3 [56].
TC-1 cells were transfected with miR4239 mimics or NC- mimics
(negative control) for 24h, then the cells were infected with HIN1 IAV.
After 24h, TC-1 cell supernatant was gathered and used to treat th17
cells and MNK-3 cells.

5.20. Western blotting and antibodies

Cells were washed with cold PBS and then lysed with RIPA lysis
buffer (Beyotime), standardized for protein content. Subsequently, the
SDS loading buffer was added to the sample and boiled for 10 min at
95 °C. Then, the sample was resolved by 10 % SDS-PAGE gels and
transferred to polyvinylidene-fluoride (PVDF) membranes (Millipore,
MA, USA), and blocked with 5 % Bovine Serum Albumin. The mem-
branes were incubated with following primary antibodies: p-STAT3
(Cell Signaling Technologies), STAT3(Cell Signaling Technologies) and
p-actin (Cell Signaling Technology) at 4 °C overnight, followed by the
anti-rabbit HRP-labeled secondary antibodies secondary antibody for 1
h at RT. The membranes were analyzed using a Western Lighting
Chemiluminescence system (Thermo Fisher Scientific, Inc.) and quan-
tified by ImageJ software.

5.21. Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.0 soft-
ware. Student’s t-test was used to analyze the differences between the
two groups. One-way ANOVA was used to analyze the data of more than
two groups. All the data are presented as the means + standard errors.
The surviving mice were analyzed with the Kaplan-Meier method. A
value of P < 0.05 was considered to indicate statistical significance.
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